Substrate engineering provides an opportunity to modulate the physical properties of quantum materials in thin film form. Here we report that TiSe 2 thin films grown on TiO 2 have unexpectedly large electron doping that suppresses the charge density wave (CDW) order. This is dramatically different from either bulk single crystal TiSe 2 or TiSe 2 thin films on graphene. The epitaxial TiSe 2 thin films can be prepared on TiO 2 via molecular beam epitaxy (MBE) in two ways: by conventional co-deposition using selenium and titanium sources, and by evaporating only selenium on reconstructed 1 arXiv:1806.00197v1 [cond-mat.str-el] 1 Jun 2018
Introduction
Thin film growth using MBE has been shown to be a powerful tool for studies of correlated materials.
1-3 Physical properties of correlated thin films can be significantly changed through substrate selection and engineering. For instance, titanate substrates including SrTiO 3 , anatase and rutile TiO 2 have been found to have multiple effects on FeSe films, including large and anisotropic strain, charge transfer, interfacial electron-phonon coupling and superconducting transition temperature enhancement. 2, [4] [5] [6] It is therefore interesting to test the effect of titanate substrates on other thin films of correlated electron systems.
Layered transition-metal dichalchogenides (TMDC) have been extensively studied due to their interesting physical properties, including the emergence of superconductivity and CDW order. 7, 8 Specifically, TiSe 2 has attracted significant interest due to the controversy over the driving force of its CDW order. TiSe 2 bulk single crystals undergo a phase transition at around 200 K into a CDW state characterized by the 3D commensurate (2 × 2 × 2) wave vector. 9 There are multiple explanations of the origin of the CDW in TiSe 2 , including band Jahn-Teller effect, 10 exciton condensation 11, 12 and conventional Fermi-surface nesting. 13 Monolayer thin films of TiSe 2 have been grown on bilayer graphene using MBE, 2 yielding similar band structure, and CDW with a 2D commensurate (2 × 2) wave vector.
The CDW transition temperature for monolayer TiSe 2 on graphene is slightly higher than that of bulk crystals. 14, 15 In multilayer thin films of TiSe 2 on graphene, the CDW wave vector changes from 2D-like to 3D-like and the transition temperature decreases to bulk value as thickness increases. 16 The intriguing physical properties of TiSe 2 make it an attractive testbed for the study of substrate effects on thin films.
In this work, we grew TiSe 2 on rutile TiO 2 (100) (TiSe 2 /TiO 2 ) and bi-layer graphene (TiSe 2 /graphene) substrates using MBE and characterized its electronic structure via angleresolved photoemission spectroscopy (ARPES At the M point, the bottom of an electron band reaches just below E F . We measured the Fermi surface and band structure of TiSe 2 /graphene at ∼ 20 K, shown in Fig 1(b, c) . At this measurement temperature, TiSe 2 /graphene is in the CDW phase and the ARPES data clearly show that the hole bands at Γ are folded to M. There is little signal of the folding from the electron band at M to Γ, which is consistent with previous ARPES works. 14, 17 From the Fermi surface map we observe six tiny pockets formed by electron bands at M. These 3 results are consistent with the previous research on TiSe 2 /graphene.
14-16
The Fermi surface and band structure of TiSe 2 /TiO 2 at the same measurement temperature of 20 K, shown in Fig 1(e-f) , exhibit a few stark differences from those of TiSe 2 /graphene.
The bands are no longer folded, indicating the lack of CDW order. Also the electron pockets are much larger for TiSe 2 /TiO 2 , representing a doping of n ≈ 0.16(2) electron per unit cell, calculated from the Fermi surface volume. In contrast, TiSe 2 /graphene has a doping of merely n = 0.02 over the perfectly stoichiometric compound (see Fig 1(b) ). The doping of Rutile TiO 2 (100) surface undergoes a (3 × 1) reconstruction above 670 • C. During this process parts of surface atoms are lost, leading to a terraced surface with exposed atoms of titanium.
18 Surprisingly, after annealing the rutile TiO 2 substrate above the surface reconstruction temperature in vacuum, we can grow epitaxial thin films of TiSe 2 by only depositing Se. Given that, we speculate that Se atoms react with the Ti atoms exposed to vacuum due to the reconstruction, and form TiSe 2 (denoted before as Se:TiO 2 ). The 
Surface Characterization
Next we continue to characterize the quality of the TiSe 2 films on TiO 2 . TiSe 2 is a layered material with hexagonal lattice and a lattice constant of a = 0.354 nm. TiO 2 (100) surface is rectangular with lattice parameters a = 0.459 nm, c = 0.295 nm. We can view the (100) surface of the substrate as a distorted hexagonal lattice, but this still leads to a large and anisotropic strain of more than 20%, as is shown in Figure 3 Currently the origin of the CDW in TiSe 2 is still under debate. Some attribute it to a Peierls charge density wave, which is created by a spontaneous crystal distortion driven by the electron-phonon interaction. 9, 13 Many others describe the low-temperature phase as excitonic condensation where electrons and holes combine into excitons which then Bose condense. 11, 12 In either case, it is expected that external electron doping will suppress the CDW. For the case of a Peierls CDW, increasing carrier density will alter the Fermi surface nesting conditions and promote superconductivity, which competes with the CDW. For an excitonic condensate, doping will break the balance between electrons and holes and hence restraining the condensation. Previous researchers have doped TiSe 2 by Cu intercalation 21, 22 and ionic liquid gating, 23 and both methods lead to the destruction of the CDW and the formation of a superconductivity dome in the phase diagram.
The most unusual aspect of this system is the magnitude of its doping. Changing postgrowth annealing temperature of TiSe 2 can control Se vacancy defects, which may act as electron dopants. 24 By default we do post-growth annealing at the growth temperature, It is plausible to assume the interfacial charge transfer from work function difference as the origin of the electron doping in In contrast, TiO 2 surface tends to form stronger bonds with TiSe 2 on the interface, thus a higher growth temperature is needed to provide sufficient diffusion rate necessary to form pristine films.
At the growth temperature of TiSe 2 /TiO 2 and Se:TiO 2 (380 • C), Se re-evaporation can be very strong, according to the results of TiSe 2 /graphene from both Fig 4(f) and a previous STM study. 24 As a result, during the growth process, there is already strong Se reevaporation, leading to Se deficiency and electron doping, even though we are growing in a Se-rich regime. However, the heavily doped TiSe 2 /TiO 2 and Se:TiO 2 films generally show superior ARPES spectrum than the TiSe2/graphene films with higher post-growth annealing temperatures. The sharper ARPES is indicative of improved crystalline quality. Thus the enhanced substrate-film bonding yields significant selenium defects and therefore large electron doping, while maintaining superior crystallinity overall.
To summarize, we can explain the suppression of charge density wave order by the large electron doping, and explain the electron doping by Se vacancies created by substrate induced change of growth conditions. The doping is because of the change of growth condition 8 instead of a direct effect of substrate, which can explain why this effect is independent of film thickness up to 24ML.
Conclusion
We grew TiSe 2 on rutile TiO 2 (100) substrates using MBE, in which substrate effects pro- Previous studies doped electrons into TiSe 2 to a maximal level of ∼0.06 electron per unit cell, and observed superconductivity. 21, 22, 27 In contrast, TiSe 2 films on TiO 2 reported in this work has a doping of >0.16 electron per unit cell without any external intercalation or liquid gating, entering into an unexplored regime in the TiSe 2 phase diagram. It would be interesting to do further experiments to investigate into the transport properties of TiSe 2 films on TiO 2 . We also plan to apply similar substrate engineering methods to other heterostructures of correlated materials as a powerful way to explore further in the phase diagrams.
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For TiSe 2 /TiO 2 , Shinkosha STEP TiO 2 (100) substrates were mounted on a molybdenum sample holder with silver paste and placed into an MBE chamber. The base pressure of the MBE chamber was 8 ×10 −11 torr. Substrates were then degassed at 450 -650
• C, and cooled down to 360
• C for growth. Ultra-high purity titanium (99.995%) and selenium (99.999%) were then deposited onto the substrate. The crystallinity was examined using reflection high energy electron diffraction (RHEED). The films were then annealed at 380
• C for 2 hours (except for the ones noted with "Low Temperature Anneal" in Fig. 4 ). The growth conditions of Se:TiO 2 is similar to that of TiSe 2 /TiO 2 , except that before growth the substrates are annealed at 810 -860
• C for 30 minutes in addition to degassing, and that only Se cell is used during the growth.
For TiSe 2 /graphene, the TiSe 2 films were grown by MBE on bilayer graphene (BLG) epitaxially grown on 6H-SiC. 28 The growth temperature is at around 200 • C. The films were then annealed at growth temperature • C for 2 hours (except for the ones noted with "High
Temperature Anneal" in Fig. 4 ).
The successful growth of Se:TiO 2 relies on the preparation of substrate. TiO 2 rutile (100) surface undergoes a (3 × 1) reconstruction at temperatures above 670
• C, exposing Ti atoms from surface layers to vacuum. 18 Only when we pre-anneal the substrate to the temperature range within 810 -860 • C will we grow epitaxial films with clear ARPES spectra. If preannealing temperature is too low, the films will not form, possibly because there are not enough Ti atoms exposed to vacuum. If pre-annealing temperature is above 860
• C, the films will show ARPES spectra with very broad bands and scattered intensity, resulting from a very rough substrate surface.
On a side note, we want to alert chalcogenide thin film growers that substrate-film reac- 
Measurement
After growth, the films were transferred in situ to the ARPES end station of the Stanford Synchrotron Radiation Lightsource beamline 5-2. The base pressure in the ARPES chamber was better than 4×10 −11 torr. Circular right polarization was used during the measurement.
The high symmetry cuts were done with photon energy of 46 eV, and the energy resolution is better than 25 meV; Reciprocal space maps were measured using photon energy of 82 eV, and the energy resolution is better than 44 meV. The angular resolution is better than 0.4
• . 
